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Background: Defining molecular mechanisms that regulate AR activity is critical for understanding prostate cancer
progression.
Results: CaMKK2 increases during disease progression, is transcriptionally regulated by the AR, promotes proliferation, and is
required for optimal AR transcriptional activity.
Conclusion: CaMKK2 is in a feedback circuit to maintain AR activity.
Significance: The CaMKK2 pathway is a promising target for prostate cancer therapy.

The androgen receptor (AR) plays a critical role in prostate
cancer (PCa) progression, however, the molecular mechanisms
bywhich theAR regulates cell proliferation in androgen-depen-
dent and castration-resistant PCa are incompletely understood.
We report that Ca2�/calmodulin-dependent kinase kinase 2
(CaMKK2) expression increases and becomes nuclear or peri-
nuclear in advanced PCa. In the TRAMP (transgenic adenocar-
cinoma of mouse prostate) model of PCa, CaMKK2 expression
increases with PCa progression with many cells exhibiting
nuclear staining. CaMKK2 expression is higher in human cas-
tration-resistant tumor xenografts comparedwith androgen-re-
sponsive xenografts and is markedly higher in the AR-express-
ing, tumorigenic cell line LNCaP compared with cell lines that
are AR-nonexpressing and/or nontumorigenic. In LNCaP cells,
dihydrotestosterone induced CaMKK2 mRNA and protein
expression and translocation of CaMKK2 to the nucleus. Con-
versely, androgen withdrawal suppressed CaMKK2 expression.
Knockdown of CaMKK2 expression by RNAi reduced LNCaP
cell proliferation and increased percentages of cells in G1 phase,
whereas correspondingly reducing percentages in S phase, of
the cell cycle. CaMKK2 knockdown reduced expression of the
AR target geneprostate-specific antigen at bothmRNAandpro-
tein levels, AR transcriptional activity driven by androgen
responsive elements from the prostate-specific probasin gene
promoter and levels of the AR-regulated cell cycle proteins, cyclin
D1 and hyperphosphorylated Rb. Our results suggest that in PCa
progression, CaMKK2 and the AR are in a feedback loop in which
CaMKK2 is induced by the AR tomaintain AR activity, AR-de-
pendent cell cycle control, and continued cell proliferation.

Work from multiple laboratories including our own, has
delineated a signaling pathway termed the Ca2�/calmodulin
(CaM)-dependent kinase cascade (1). At its top level, the
CaM kinase cascade consists of Ca2�/CaM-dependent kinase
kinases (CaMKKs) 1(�) and 2(�) (2–5). The downstream
kinases phosphorylated and activated by CaMKK1 and/or
CaMKK2 include the Ca2�/CaM-dependent protein kinases,
CaMKI and CaMKIV, as “primary” targets and the non-Ca2�-
requiring kinases, Akt, and 5�-AMP activated kinase as “sec-
ondary” targets. The latter two are so named because they are
also activated by distinct upstream kinase kinases, PDK1 and
LKB1, respectively (6–11). Upon activation, the downstream
kinases regulate a remarkably broad spectrum of physiological
processes including: gene transcription, mRNA translation,
adaptation to cellular stress, tissue morphogenesis, cell cycle
control, cell survival, and proliferation (1, 12, 13).
Early studies demonstrated that this signaling pathway can

be triggered by elevations of intracellular Ca2� in accord with
the idea that the CaM kinase cascade is a cellular Ca2�-trans-
ducing mechanism (14, 15). The CaMKKs have been studied
most intensively in relationship to the function and develop-
ment of excitable cells such as neurons, however, certain char-
acteristics of the pathway raise the possibility that the arm of
the CaMkinase cascade triggered byCaMKK2 (referred to here
as the CaMKK2 pathway) may have a unique role(s) in nonex-
citable cells (13). First, although present at much lower levels
than in the CNS, CaMKK2 is expressed inmany tissues and cell
types (1, 5). Second, whereas CaMKK1 is largely dependent for
its activity on the presence of Ca2�/CaM, CaMKK2 shows con-
siderable activity (�70%) in the absence of Ca2�/CaM (5, 16).
Recent studies have reported that the Ca2�/CaM autonomous
activity of CaMKK2 is regulated by Ca2�/CaM-independent
intramolecular autophosphorylation or by the non-Ca2�

requiring kinases, GSK3� and CDK5, respectively (16, 17).
Although future studies will be required to fully elucidate the
mechanism by which CaMKK2 activity is regulated, it may be
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reasonably concluded that CaMKK2 has robust constitutive
activity and therefore is potentially capable of responding to
stimuli of longer duration than predicted from the rapid kinet-
ics of Ca2� fluxes. Finally, CaMKK2 but not CaMKK1 is a reg-
ulator of the secondary targets, Akt and 5�-AMP activated
kinase and therefore may have more diverse downstream tar-
gets than the latter (8–11, 18).
Based on their tissue distributions, involvement of either of

the CaMKKs in the physiology or pathophysiology of the pros-
tate gland was initially unappreciated (5). However, numerous
large scale gene expression profiling, and proteomic studies
have identified CaMKK2 as expressed at high levels in prostate
cancer (PCa)2 (19–31). Individual studies reportedCaMKK2 to
be up-regulated in the transition from prostatic intraepithelial
neoplasia (PIN) to PCa (22) or to be increased in metastatic
samples relative to benign prostate (27). CaMKK2 mRNA
expression in LNCaP PCa cells is increased after exposure to
the synthetic androgen R1881, an effect shown to be mediated
by a functional androgen-responsive element (ARE) in the
CaMKK2 gene promoter (32, 33). CaMKK2 has been identified
as a feature of an AR signature, a potential predictor of AR
activity over the course of therapy for PCa, an observation of
potential significance given the requirement of AR signaling
activity for PCa progression (34, 35).
The evolution of PCa from early stages to advanced disease

involves a complex series of events (35). Although suppression
ofAR activity by chemical or surgical castration (androgen dep-
rivation therapy) is initially effective in producing disease
remission, eventually tumors recur, a state termed castration
resistant (CR) PCa (CRPC). In the latter state, AR activity has
been restored to compensate for the reduction in systemic
androgen and remains critical for tumor progression. Given the
reported association of CaMKK2 with PCa and AR signaling,
we undertook the work reported here with three aims: to pro-
vide insight into how the expression of CaMKK2 is related to
PCa progression, to examine the regulation of CaMKK2
expression by the AR, and to place this mechanism in the con-
text of AR-dependent control of PCa cell proliferation. We
describe here a novel regulatory feedback loop in which the AR
feeds forward to induce CaMKK2 expression and CaMKK2 in
turn, feeds back to positively regulate the transcriptional activ-
ity of the AR. We propose that this positive feedback signaling
circuit represents a means by which the AR regulates PCa cell
cycling and growth in the progression to prostatic malignancy.

EXPERIMENTAL PROCEDURES

Chemicals—7H-Benzimidazol[2,1a]benz[de]isoquinoline-
7-one-3-carboxylic acid (STO-609) was purchased from Toc-
ris. Casodex (bicalutamide) and dimethyl sulfoxide were pur-
chased from Sigma.
Cell Culture—Cell culture components were obtained from

the following sources: RPMI 1640 and phenol-free RPMI 1640

medium (Invitrogen); F12-K and Eagle’s minimum essential
medium (ATCC); FBS (Atlanta Biologicals); L-glutamine,
sodium pyruvate, penicillin/streptomycin, keratinocyte serum-
free medium, human recombinant EGF, and bovine pituitary
extract (Invitrogen); HEPES buffer, D-glucose (Fisher Scientif-
ic); and steroid-depleted (charcoal-stripped, CS) FBS (Gemini
Bio-Products).
LNCaP cells were cultured in RPMI 1640 media supple-

mented with 10% FBS, 1% L-glutamine, 10 mMHEPES buffer, 1
mM sodium pyruvate, 1� penicillin/streptomycin, and 2.4
mg/ml of glucose. PC3 cells were routinely cultured in F12-K
media supplemented with 10% FBS and 1� penicillin/strepto-
mycin. DU145 cells were grown in Eagle’s minimum essential
medium supplemented with 10% FBS and 1� penicillin/strep-
tomycin. RWPE-1 prostate epithelial cells were cultured in
serum-free medium supplemented with 2.5 �g of human
recombinant EGF, 25 mg of bovine pituitary extract, and 1�
penicillin/streptomycin. All cultures were maintained in a
humidified, 5% CO2, 95% air environment at 37 °C.

RPMI 1640 media supplemented with 10% FBS (referred to
here as normal media) contains a low (“castrate”) level of tes-
tosterone. However, by concentration andmetabolism, LNCaP
cells maintain an intracellular concentration (10 nM) of dihy-
drotestosterone (DHT) sufficient to maintain normal rates of
cell growth (36). Therefore to study the effects of AR signaling,
steroid depletion conditions were achieved by replacing FBS
with 5 or 10% CS-FBS in phenol-free RPMI 1640 media
(referred to here as steroid-depleted media). Cells were grown
for periods of time in this media and then treated with DHT or
vehicle (EtOH) as indicated in the figure legends.
Tissue Preparation—Prostate tissue fromnontransgenicwild

type (C57BL/6 x FVB) mice, prostate and tumor tissue from
TRAMP mice, and CWR22/CWR22R tumor xenografts were
lysed and processed for either protein or RNA as previously
described (37).
Western Blotting—Western blotting was performed as previ-

ously described (37). The antibodies used for Western blotting
(apart from those used for subcellular distribution experiments,
see “Nuclear-cytoplasmic distribution”) were: CaMKK2
(Abnova), PSA (Thermo Scientific), cyclin D1 (Cell Signaling),
Rb (Cell Signaling), AR (Millipore), and GAPDH (Santa Cruz
Biotechnology). Protein levels were quantified by densitometry
using Quantity One software (Bio-Rad).
Immunohistochemistry (IHC)—Sections of human PCa tis-

sue from radical prostatectomies were obtained from de-iden-
tified paraffin blocks from the archives of the Department of
Pathology, Roswell Park Cancer Institute (RPCI). Paraffin-em-
bedded human PCa sections or mouse TRAMP tissue sections
were de-paraffinized with xylene, rehydrated with alcohol, and
placed in dH2O for 5 min before undergoing standard antigen
retrieval conditions (citrate buffer, pH 6). Slides were equili-
brated with Tris/phosphate buffer that was also used for the
intermediate washing steps. Endogenous peroxidase activity
was blocked by using 3%H2O2 and incubating for 15min in the
dark at room temperature. Nonspecific immunoglobulin bind-
ing siteswere blockedwith 10%normal goat serum (Invitrogen)
for 30 min at room temperature. Additional blocking of avidin
and biotin activities was performed by using the Avidin/Biotin

2 The abbreviations used are: PCa, prostate cancer; AR, androgen receptor;
PIN, prostatic intraepithelial neoplasia; ARE, androgen-responsive ele-
ment; CRPC, castration resistant PCa; DHT, dihydrotestosterone; IHC,
immunohistochemistry; NS, nonspecific; qRT, quantitative reverse tran-
scription; TRAMP, transgenic adenocarcinoma of mouse prostate; Rb,
retinoblastoma.
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blocking kit (Vector Labs). Slides were then incubated over-
night with primary anti-CaMKK2 antibody (Prestige, Sigma)
diluted 1:100 in 1% BSA in Tris/phosphate buffer at room tem-
perature. Slides were washed, then incubated with biotinylated
secondary antibody for 30 min at room temperature, followed
by an additional 30-min incubation with ABC detection kit
(Vector Labs). Endogenous peroxidase activity was revealed
with 1 mg/ml of diaminobenzidine (DAB) (Sigma) and 1 �l/ml
of H2O2 and incubating all slides simultaneously for 5 min in
the dark at room temperature. Slides were then extensively
washed with dH2O and stained with hematoxylin for �10 s.
Slides incubated solely with goat serum and no primary anti-
body were considered negative IHC controls. Images were
obtained on anOlympusBX45microscope andprocessed using
cellSens digital imaging software.
Nuclear-Cytoplasmic Distribution—Nuclear-cytoplasmic dis-

tribution was assessed by subcellular fractionation and indirect
immunofluorescence microscopy. Subcellular fractionation of
LNCaP cells was performed with the nuclear and cytoplasmic
extraction kit according to the manufacturer’s instructions
(Thermo Scientific). Nuclear and cytosolic compartments were
subjected toWestern blotting for their respective markers, his-
toneH3 (Abcam) and lactate dehydrogenase (LDH-A,U.S. Bio-
logicals), to assess the effectiveness of the fractionation proce-
dure. For comparability, CaMKK2 was detected with the same
antibody (Prestige, Sigma) used for immunofluorescence
microscopy.
Immunofluorescence microscopy was performed as follows.

LNCaP cells were plated on coverslips in wells of a 6-well plate
at a density of 160,000 cells/coverslip for 24 h and steroid
depleted for an additional 24 h. Cells were then treated with 10
nM DHT or vehicle (EtOH) for 16 h. Following treatment, cells
were washed twice with PBS then fixed with 4% paraformalde-
hyde solution (Affymetrix) for 15 min at room temperature.
Following three washes in PBS, cells were permeabilized with
0.1% Triton X-100, 0.1% sodium deoxycholate in PBS for 10
min at room temperature. Cells were rinsed three times with
PBS and then incubated in 5% BSA in PBS for 1 h at room
temperature. Coverslips were incubated with primary AR
(Abcam) andCaMKK2 (Prestige, Sigma) antibodies at dilutions
of 1:200 and 1:500, respectively, overnight at 4 °C, rinsed with
PBS and incubated with anti-mouse IgG-Alexa 647 and anti-
rabbit IgG-Alexa 488 secondary antibodies (Molecular Probes,
Invitrogen), respectively, at a dilution of 1:500 for 1 h at room
temperature in the dark. Cells were then rinsed with PBS and
mounted in Slowfade Gold reagent (Molecular Probes, Invitro-
gen) with DAPI (4 �g/ml). Cells were observed under an Axio-
Imager fluorescencemicroscope (Zeiss) equippedwith anApo-
tome device, which was utilized to acquire images of 30 optical
sections and generate z-stacks of images. Sections were cap-
tured at a final magnification of�630 and analyzed using Axio-
Vision software.
RNA Interference and Transfection—The following siRNA

duplexes (Ambion) were used: CaMKK2 siRNA#1, 5�-GGAU-
CUGAUCAAAGGCAUCtt-3�, 100 nM); CaMKK2 siRNA#2,
5�-GCAUCGAGUACUUACACUAtt-3�, 20–40 nM). Nonspe-
cific (NS) control siRNAs were designed for, and used at the
same concentrations as, their respective CaMKK2-targeting

siRNAs. LNCaP cells were plated at a density of 1� 106 cells per
plate (100 mm) in antibiotic-free medium 24 h prior to trans-
fection. Lipofectamine 2000 (Invitrogen) was used as the trans-
fection agent. Following the addition of siRNA duplexes, cells
were incubated in serum-free medium lacking antibiotics for
6 h. After the 6-h incubation, transfection components were
discarded and replaced with complete antibiotic-free media.
Quantitative Reverse Transcription PCR (qRT-PCR)—RNA

isolation and cDNA synthesis were performed as previously
described (37). Primers for qRT-PCR were designed using the
program PRIME (Genetics Computer Group). To assess speci-
ficity of primers, a preliminary end point PCR in the presence
and absence of reverse transcriptase was performed as well as a
melt curve analysis following qRT-PCR. In most cases primers
spanned at least one exon/intron junction. The following prim-
ers are listed by target cDNA, forward primer and reverse
primer, respectively: human CaMKK2, 5�-GCAGTGACGCG-
CTCCTCTCCAA-3�, 5�-TCCGCTCGTCCATGAATGGGC-
A-3�; human PSA, 5�-GGTTGTCTTCCTCACCCTGTCCG-
3�, 5�-GCACCAGAACACCGCCGCA-3�; human GAPDH,
5�-TGGCATTGCCCTCAACGACCACTTTG-3�; 5�-TCCT-
CTTGTGCTCTTGCTGGGGCTG-3�; and human Cyclin D1,
5�-GCGAGGAACAGAAGTGCGAGGAGGAG-3�; 5�-CAC-
GAACATGCAAGTGGCCCCCAG. qRT-PCR was performed
on a Bio-Rad iCycler with SYBR Green (Bio-Rad) detection.
Thermocycling parameters were: 2 min at 95 °C, 45 cycles at
95 °C for 15 s and 60 °C for 30 s, followed by a final extension of
30 min at 72 °C and a melt-curve analysis from 65 to 93.8 °C.
The average starting quantity for each condition was calculated
by the standard curve method using GAPDH as normalizer.
Semiquantitative RT-PCR—PCR was performed using Plati-

num Taq Polymerase under standard reaction conditions as
recommended by themanufacturer (Invitrogen). The following
primers are listed by target cDNA, forward primer and reverse
primer, respectively; mouse CaMKK2, 5�-AAACCTGCTCAC-
GAAGCAAG-3�, 5�-TGGTTTCCGTAGGACATGCTG-3�;
and mouse GAPDH, 5�-AGCGAGACCCCACTAACATCAA-
AT-3�, 5�-ATCCACAGTCTTCTGGGTGGCA-3�.
Cell Proliferation and Viability—LNCaP cells were treated

with CaMKK2-targeting or control siRNAs and grown for the
time periods indicated in the legend to Fig. 4. At the respective
time points, floating and attached cells were collected, and cen-
trifuged at 1,500 � g for 5 min. Live and dead cells were distin-
guished and quantified by cell counting after trypan blue
addition.
Cell Cycle Analysis—LNCaP cells (1� 106) were trypsinized,

centrifuged, and resuspended in 1 ml of PBS buffer. Cells were
fixed in 70% EtOH by dropwise addition of 2.8 ml of ice-cold
95% EtOH. Fixed cells were washed and resuspended twice in
PBS, 1% BSA. Cell pellets were resuspended in Krishan buffer
(0.1% sodium citrate, 0.05mg/ml of propidium iodide (PI), 0.2%
Nonidet P-40, 0.02 mg/ml of RNase A, 1 drop/100 ml of 1 N

HCl) for 1 h. Cell suspensions were filtered and analyzed on a
FACSCalibur flow cytometer. DNA content histograms were
generated using ModFit LT 3.1 software.
Luciferase Reporter Assay—The pARE-luciferase reporter

construct (pARE-Luc) containing three tandemAREs from the
rat probasin gene promoter was kindly provided by K. Gurova.
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LNCaP cells (1 � 106) were plated in antibiotic-free medium
24 h prior to transfection. Cells were co-transfected with 40 nM
CaMKK2 siRNA#2 or its respective negative control siRNA
along with pARE-Luc (3 �g) and Renilla luciferase (pRL)-TK
vector (0.5 �g) as an internal control. Lipofectamine 2000
(Invitrogen) was used as the transfection agent. Cells were ste-
roid-depleted and then treated with DHT (10 nM) or vehicle
(EtOH). Luciferase activity was measured using a dual lucifer-
ase reporter assay kit (Promega).
Statistical Analysis—All results are expressed asmean� S.E.

Statistical significance was evaluated using the unpaired Stu-
dent’s t test.

RESULTS

AlthoughCaMKK2has been identified as a gene expressed at
high levels in malignant versus normal prostate tissue (19–31),
we wanted to investigate whether CaMKK2 expression varied
with the histological pattern of differentiation of prostate
tumors and determine the subcellular localization of the
expressed protein. For this purpose, we performed IHC for
CaMKK2 on clinical samples of PCa procured from radical

prostatectomies. Specimens from five patients were analyzed,
all of which showed strong CaMKK2 immunoreactivity in
malignant glands and four of which are illustrated in Fig. 1 (see
supplemental Fig. S1). For this purpose we used an antibody of
equivalent specificity to the CaMKK2 antibody used for West-
ern blotting but which produced less background staining in
IHC (supplemental Fig. S2).
CaMKK2 immunostaining was more intense in malignant

prostatic epithelium than in adjacent normal epithelium in two
Gleason score (GS)3 3 � 4 specimens (Fig. 1, A–D and supple-
mental Fig. S1, A–D). CaMKK2 staining was mainly cytoplas-
mic although at a highermagnification, a subset of cells showed
apparent perinuclear accumulation of immunoreactivity (Fig.
1D and supplemental Fig. S1D). In a patient specimenwith both
high grade PIN (HGPIN) and GS, 4 � 4 tumor, CaMKK2

3 The Gleason score (GS) is a number based on a histopathological grading
system for predicting the aggressiveness of prostate tumors. The GS is the
sum of two numbers. Each number is a grade from 1 to 5 representing
tumor differentiation where a grade of 1 is well differentiated and 5, poorly
differentiated. The first number is the most common tumor pattern and
the second number is the second most common tumor pattern.

FIGURE 1. CaMKK2 expression in clinical specimens of PCa. Shown are representative images of CaMKK2 IHC staining in patient samples with various
histological Gleason scores3 representing disease advancement and predicting aggressiveness of prostate tumors. A, CaMKK2 shows stronger epithelial
staining in malignant glands (black arrows) compared with adjacent benign glands (red arrows) in a patient specimen of GS 3 � 4. B, image A (boxed area) at
higher magnification. C, CaMKK2 expression differences in a specimen of GS 3 � 4 from a second patient. D, image C (malignant area, boxed) at higher
magnification. Note the perinuclear CaMKK2 staining (arrows). E, CaMKK2 expression is higher in a GS 4 � 4 tumor area (right) compared with an adjacent
HGPIN area (left). Arrows indicate perinuclear CaMKK2 staining. F, CaMKK2 staining is uniformly intense in a GS 4 � 5 tumor specimen. Note the appearance of
nuclear CaMKK2 staining (blue arrows) apart from the perinuclear staining (black arrows). Magnifications: A and C, �10; B and E, �20; D and F, �40.
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showed strong cytoplasmic and prominent perinuclear staining
in the tumor area (Fig. 1E and supplemental Fig. S1E). The
highest GS specimen (4 � 5), revealed strong CaMKK2 expres-
sion, with perinuclear immunoreactivity and in many cells,
nuclear localization of CaMKK2 (Fig. 1F and supplemental Fig.
S1F). CaMKK2 has been reported to be cytoplasmically local-
ized in a variety of tissues (1). The nuclear expression of
CaMKK2 in advanced human PCa was unexpected and remi-
niscent of the increased nuclear expression of the AR in castra-
tion-resistant tumors (38).
We also investigated the expression of CaMKK2 during

tumor progression in the transgenic adenocarcinoma of the
mouse prostate (TRAMP)model (Fig. 2,A andB). TRAMP is an
autochthonous4 model in which PCa progression recapitulates
human disease (39). In this model, early PIN develops between

8 and12weeks of age, followedby carcinoma in situ at 12weeks,
moderately differentiated carcinoma by 18 weeks and poorly
differentiated carcinomas from 24 to 30 weeks. In all cases,
castration leads to the development of recurrent tumors. IHC
was performed on normal prostate tissue and tumors repre-
senting various stages of progression. CaMKK2 showed mod-
erate cytoplasmic and nuclear staining in nontransgenicmouse
prostate tissue (Fig. 2A, panel a) and stronger staining in pros-
tate tissue of a 15-week-old TRAMP mouse (Fig. 2A, panel b).
Expression of CaMKK2 was further increased in both noncas-
trated and castrated advanced tumors (Fig. 2A, panels c and d,
respectively) and nuclear staining intensity increased with pro-
gression. Western blotting and PCR of TRAMP tissue and
tumor lysates confirmed that increased CaMKK2 protein and
mRNA expression is associated with PCa progression (Fig. 2B
and supplemental Fig. S3, respectively).

The association with advanced disease led us to investigate
whether CaMKK2 is up-regulated in CRPC. In the serially
transplantable CWR22 human xenograft, tumor growth is ini-

4 Autochthonous refers to a tumor found in a location (in this case the pros-
tate) from where it arose. It is distinguished from the term orthotopic,
which typically refers to a xenograft of heterologous cells into the prostate
of a recipient host.

FIGURE 2. Expression of CaMKK2 during tumor progression in transgenic and xenograft models of PCa. A, shown are representative images of CaMKK2
IHC staining in the TRAMP mouse over a course of PCa progression. a, nontransgenic (C57BL/6 x FVB) prostate tissue. b, prostate tissue of a 15-week-old TRAMP
mouse. c, prostate tumor of a 27-week-old TRAMP mouse. d, prostate tumor of a 24-week-old castrated TRAMP mouse. Arrows indicate nuclear CaMKK2
staining. Magnifications: a-d, �40; a-d, insets, �10. B, samples were harvested at the indicated times of tumor progression (as in panel A with the addition of
prostate tissue from an 8 weeks TRAMP mouse) and assessed by Western blotting for CaMKK2 protein expression. GAPDH was used as loading control. The
graph represents mean � S.E. (n � 5), ***, p � 0.001, relative to wt CaMKK2 levels. C, CaMKK2 protein expression in human CWR22 and CWR22R tumor
xenografts. Tumors were harvested from three independent CWR22 and CWR22R tumor-bearing mice and lysates were subjected to Western blotting for
CaMKK2 protein expression. GAPDH was used as loading control. The graph represents mean � S.E. (n � 3) normalized to CWR22 CaMKK2 protein levels. ***,
p � 0.001, relative to CWR22.
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tially decreased by castration but over time, tumor eventually
recurs, and is designated CWR22R (40). CaMKK2 protein
expression is increased in the recurrent CWR22R xenograft
compared with the androgen-dependent CWR22 xenograft
(Fig. 2C). In summary, the data shown in Figs. 1 and 2 and
supplemental Figs. S1 and S3, illustrate a strong association of
CaMKK2 expression with advanced local, and recurrent, PCa
suggesting that CaMKK2 may be required at elevated amounts
in the nuclear compartment for a functional role(s) related to
PCa progression. Consonant with these results, a tissue
microarray analysis by IHC published during the course of our
studies reported an up-regulation of CaMKK2 accompanying
the development of CRPC (31).
Because the AR is essential for development of organ-con-

fined PCa and a driver of progression to CRPC (35, 38, 41), we
compared CaMKK2 levels in various human prostate cell lines
differing in their tumorigenicity and AR expression (Fig. 3A).
CaMKK2 protein levels were considerably higher in the LNCaP
cell line that is both tumorigenic and AR-positive, compared
with nontumorigenic prostate cell lines (RWPE-1, BPH-1) or
the tumorigenic cell lines PC3 and DU145 that do not express,
or express low levels, of the AR (42). Because CaMKK2 levels
are high in AR-positive LNCaP cells and the AR is the primary
target ofDHTaction in LNCaP cells (43), we examinedwhether
CaMKK2 expression is androgen-regulated. Corroborating
previous reports (31–33), we found that CaMKK2 protein and
mRNA levels were significantly up-regulated by DHT (maxi-
mally by 2.5- and 4.8-fold relative to vehicle controls, respec-

tively; Fig. 3B). The time dependence of CaMKK2 up-regula-
tion paralleled that of DHT induction of the endogenous AR
target, PSA (Fig. 3B, inset).5 DHT induction of CaMKK2
expression was blocked by the AR antagonist Casodex (bicalu-
tamide) indicating that it is mediated by the AR (supplemental
Fig. S4). Conversely, steroid removal from the medium led to
significant decreases in protein and mRNA levels of CaMKK2
(maximally to levels of 43 and 57% of 0 day of controls, respec-
tively; Fig. 3C). Based on these results, we conclude that AR
signaling can produce homeostatic adjustments in CaMKK2
expression levels.
The AR is a key regulator of PCa cellular proliferation and

cell cycle transitions (45, 46). We therefore investigated
whether CaMKK2 could be a mediator of AR-dependent PCa
cell cycle control. Silencing of CaMKK2 expression by either of
two independently targeting siRNAs led to significant
decreases in the proliferation of LNCaP cells (Fig. 4A). Interest-
ingly, CaMKK2 knockdown did not produce similar cytostatic
effects in PC3 cells (supplemental Fig. S5A). This may be due
either to a low concentration of CaMKK2 in these cells (Fig.

5 As reflected by both CaMKK2 and PSA expression, the time course of AR
activity in LNCaP cells during continuous exposure to DHT is biphasic (Fig.
3B). Wang et al. (44) also reported that PSA mRNA peaks at 16 –24 h of
exposure of LNCaP cells to DHT and then steadily declines over time. This
phenomenon was attributed to transient occupancy of AR coactivator
complexes at PSA regulatory regions (44). The biphasic, but inverted, time
course of CaMKK2 expression in response to androgen deprivation may
also be due to this phenomenon (Fig. 3C).

FIGURE 3. Androgen regulation of CaMKK2 expression. A, relative levels of CaMKK2 protein in prostatic cell lines as assessed by Western blotting. GAPDH is
used as loading control. B, DHT stimulates CaMKK2 expression. LNCaP cells were cultured in steroid-depleted media for 24 h then treated with 10 nM DHT or
vehicle (EtOH) for the indicated time periods. Levels of CaMKK2 protein and mRNA, quantified by Western blotting and qRT-PCR, respectively, are shown with
a representative blot below. Values are normalized to time-matched vehicle controls and represent mean � S.E. (n � 3 independent experiments). *, p � 0.05;
**, p � 0.01; ***, p � 0.001, relative to time-matched vehicle controls. PSA protein expression in response to 10 nM DHT is shown in the inset. GAPDH is used as
loading control. C, steroid depletion reduces CaMKK2 expression. LNCaP cells were cultured in normal media for 72 h then in steroid-depleted media for the
indicated time periods. Levels of CaMKK2 protein and mRNA, quantified by Western blotting and qRT-PCR, respectively, are shown with a representative blot
below. Results represent mean � S.E. (n � 3 independent experiments). *, p � 0.05; **, p � 0.01; ***, p � 0.001, relative to 0 day controls. GAPDH is used as
loading control.
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3A), or that the effect of CaMKK2 knockdown on PCa cell pro-
liferation requires the presence of theAR and thus not observed
in AR-negative PC3 cells.
To determine whether the slowing of proliferation of LNCaP

cells by CaMKK2 knockdown could be explained by losses of
cell viability, we quantified viable and dead cells at each time
point for both siRNAs, in at least three independent experi-
ments per siRNA. Neither siRNA produced changes in percent
viability ((live/live � dead) � 100) significantly different from
their respective control siRNAs (#1, 80.1 versus 90.8, respec-
tively, p � 0.10; #2, 77.4 versus 82.1, respectively, p � 0.11).
Therefore, cell loss appears to be incapable of explaining the
decreased number of LNCaP cells as a result of CaMKK2 silenc-
ing. This suggested that effects on cell number are due instead
to alterations of cell cycle kinetics. To evaluate this hypothesis,
we performed PI-flow cytometry on LNCaP cells transfected

with either of the two CaMKK2 targeting siRNAs. The results
were that bothCaMKK2 siRNAs, relative to their respectiveNS
control siRNAs, produced significant increases in numbers of
cells inG1 phase (#1, 80.92� 2.48 versus 70.35� 0.78, p� 0.05;
#2, 71.81� 0.63 versus 64.11� 0.34, p� 0.01, respectively) and
to significant decreases in number of cells in S phase (#1, 7.34�
3.37 versus 19.56 � 0.49, p � 0.05; #2, 17.86 � 0.66 versus
23.85� 1.17, p� 0.05, respectively) (n� 2 independent exper-
iments for each siRNA used, supplemental Fig. S5B). Repre-
sentative DNA content histograms are shown in Fig. 4B. These
results indicate that depletion of CaMKK2 leads to cell cycle
arrest at the G1/S interface.

Control of G1 to S phase progression involves, among other
mechanisms, up-regulation of cyclin D1 leading to increased
formation of D1-cdk4/6 complexes, multisite (“hyper”) phos-
phorylation and inactivation of the retinoblastoma (Rb) tumor

FIGURE 4. CaMKK2 regulation of PCa cell proliferation and cell cycle progression. A, CaMKK2 knockdown inhibits growth of LNCaP cells. LNCaP cells were
transfected with either nonspecific (NS)- or CaMKK2-siRNAs and grown for the indicated time periods. Numbers of viable cells, determined by cell counting
with trypan blue exclusion are shown with representative Western blots below. Results represent mean � S.E. (n � 3 independent experiments). *, p � 0.05;
**, p � 0.01; ***, p � 0.001, relative to NS siRNA time-matched controls. GAPDH is used as loading control. B, CaMKK2 knockdown arrests LNCaP cells in the G1
phase of the cell cycle. LNCaP cells were transfected with either NS- or CaMKK2-siRNAs, grown for 4 days, and analyzed by PI flow cytometry. Representative
DNA content histograms (for each siRNA used) are shown. Results from this experiment and an additional independent experiment are averaged and shown
in supplemental Fig. S5B. C and D, CaMKK2 knockdown reduces cyclin D1 and hyper p-Rb expression. LNCaP cells were transfected with either NS- or
CaMKK2-siRNAs and grown for 72 h. Levels of cyclin D1 (C) and hyper p-Rb (D) proteins, quantified by Western blotting are shown with representative blots
below. Results represent mean � S.E. (n � 3 independent experiments). *, p � 0.05; **, p � 0.01, relative to NS-treated control cells. GAPDH is used as loading
control.
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suppressor, and consequent E2F-dependent expression of
genes required for S phase entry. In PCa cells, androgen depri-
vation results in G1 arrest, loss of cyclin D1 expression, and
reduced Rb phosphorylation (45, 46). Conversely, androgen
stimulation of LNCaP cells up-regulates D-type cyclin expres-
sion and Rb phosphorylation. Androgen-dependent induction
of cyclin D1 is reported to occur by AR stimulation of the
expression ofmultiple genes leading to the activation ofmTOR,
which thenmediates an increase in cyclinD1protein by a trans-
lational mechanism (47). We examined the effect of CaMKK2
depletion on the levels of cyclin D1 and hyperphosphorylated
Rb (p-Rb) in LNCaP cells. CaMKK2 knockdown caused signif-
icant decreases in levels of cyclin D1 (to 43–61% of NS siRNA
control) and p-Rb (to 34–52% of NS siRNA control) consistent
with G1 arrest (Fig. 4, C and D). The decrease in cyclin D1
protein was not accompanied by a change in cyclin D1 mRNA
uponCaMKK2 knockdown indicating that this effect is due to a
post-transcriptional mechanism (supplemental Fig. S5C).

The similarity of these phenotypes between CaMKK2 and
AR pathways is consistent with two possible explanations.
CaMKK2 could act as an independentmediator ofAR action. In
this mechanism, androgen stimulation of CaMKK2 expression
leads to the activation of a kinase(s) downstream of CaMKK2,
which in turn up-regulates cell cycle proteins. This could occur
by direct phosphorylation of the cell cycle regulators, activation
of their transcription or more indirectly, by regulation of ana-
bolic metabolism (31, 48–50). However, because the AR is
known to be phosphorylated at multiple sites (51) and also to
bind calmodulin (52), we considered here the alternate possi-
bility that the functional consequence of up-regulation of
CaMKK2 by androgen is to increase the cell cycle modulatory
activity of the AR itself, perhaps as a mechanism for AR activa-
tion/re-activation in PCa progression. Such a feedback mecha-
nismwould be consistent with up-regulation and nuclear accu-

mulation of CaMKK2 in late, and possibly in recurrent, disease
(Figs. 1 and 2, and supplemental Fig. S3) andwith the slowing of
the proliferation of AR-positive LNCaP, but not AR-negative
PC3, cells by CaMKK2 silencing (Fig. 4A and supplemental Fig.
S5A).
To test this hypothesis, we silenced CaMKK2 expression and

quantified expression of the AR-target gene, PSA. CaMKK2
knockdown6 produced a significant reduction of DHT-stimu-
lated PSA expression at both its protein and mRNA levels, (to
59 and 65% of NS siRNA controls, respectively) (Fig. 5,A and B,
see also supplemental Fig. S6A). These results indicate that the
CaMKK2 pathway exerts a modulatory role in maintaining AR
activity. AR protein levels remained unaltered, suggesting that
the observed changes in PSA expression are the result of acute
regulation of AR transcriptional activity and not AR expression
or stability (Fig. 5A and supplemental Fig. S6C). To further test
this hypothesis, we used a reporter assay in which luciferase
expression is driven by tandemAREs from the prostate-specific
probasin gene promoter (43). Similarly to the effect of CaMKK2
knockdown on PSA mRNA expression, which is a measure of
AR transcriptional activity at the PSA promoter, probasin ARE
activity was significantly less in DHT-stimulated, CaMKK2-de-
pleted cells (63% of NS siRNA control; Fig. 5C). We also exam-
ined whether the effect of CaMKK2 silencing on the AR
required androgen binding. Although probasin ARE transcrip-
tional activity was very low in the absence of androgen preclud-
ing accurate assessment by luciferase assay, CaMKK2 silencing
did produce a significant decrease in PSAmRNA under steroid
depletion conditions, suggesting that the effect of the CaMKK2

6 As shown in Fig. 5A and supplemental Fig. S6B, DHT had little effect on
CaMKK2 levels after RNA interference indicating that the extent of CaMKK2
knockdown was not blunted by a compensatory AR-dependent up-regu-
lation of CaMKK2.

FIGURE 5. CaMKK2 regulates transcriptional activity of the AR. A, CaMKK2 knockdown inhibits androgen-induced PSA protein expression. LNCaP cells were
transfected with NS- or CaMKK2- siRNA (#2) in normal media for 48 h, switched to steroid-depleted media for 24 h, and then treated with 10 nM DHT or vehicle
(EtOH) for an additional 24 h. Levels of PSA protein were quantified by Western blotting and normalized to GAPDH. A representative blot is shown below.
GAPDH is used as loading control. Results represent mean � S.E. in arbitrary units (n � 3 independent experiments). Note that AR protein levels are unaltered
under these conditions. B, CaMKK2 knockdown inhibits androgen-induced PSA mRNA expression. LNCaP cells were transfected with NS- or CaMKK2-siRNA (#2)
in normal media for 24 h, switched to steroid-depleted media for 72 h, and then treated with 10 nM DHT or vehicle (EtOH) for an additional 16 h. Levels of PSA
mRNA were quantified by qRT-PCR and normalized to GAPDH. Results represent mean � S.E. in arbitrary units (n � 3 independent experiments). C, CaMKK2
knockdown inhibits AR transcriptional activity. LNCaP cells were transfected with the probasin ARE luciferase reporter along with NS- or CaMKK2-siRNAs for 6 h,
after which cells were switched to steroid-depleted media for 24 h then stimulated with either DHT (10 nM) or EtOH for an additional 16 h. Firefly luciferase
activity normalized to Renilla luciferase activity is shown. Results represent mean relative light units (RLU) � S.E. (n � 2 independent experiments). A-C, *, p �
0.05; **, p � 0.01; ***, p � 0.001, either of DHT-treated cells relative to EtOH-treated cells (over bars) or of NS relative to CaMKK2-siRNA-treated cells (over
brackets).
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pathway on the AR does not require its ligand-bound state and
thus could be a functional mechanism during the development
of castration-resistant PCa (Fig. 5B).7
The observation of some high grade malignant cells exhibit-

ing CaMKK2 nuclear staining (Fig. 1F and supplemental Fig.
S1F) raised the possibility that the AR not only promotes syn-
thesis of new CaMKK2 molecules but also their nuclear trans-
location. To test this hypothesis, we treated LNCaP cells with

DHT or vehicle and determined CaMKK2 localization by sub-
cellular fractionation and immunofluorescence microscopy
(Fig. 6). In the absence of androgen, CaMKK2 is almost exclu-
sively cytoplasmic as has been reported (1). However, addition
of DHT induced a portion of the CaMKK2 to exhibit nuclear
localization (Fig. 6, A and B, panels c–f). The cytoplasm to
nucleus translocation of CaMKK2 is similar to that of AR under
these conditions (Fig. 6, A and B, panels a and b). These results
suggest that the nuclear translocation of CaMKK2 is AR-depen-
dent. CaMKK2may therefore be capable of regulatingAR activity
either in the cytoplasmorat genomic sites and functionas amech-
anism by which the ARmaintains activity in advanced PCa.

7 PSA protein levels in the absence of androgen were below the limit of accu-
rate quantification and thus we were unable to compare differences
between siRNA-treated cells at the protein level under these conditions
(Fig. 5A).

FIGURE 6. DHT induces CaMKK2 nuclear translocation. A, LNCaP cells were cultured in steroid-depleted media for 24 h, then treated with 10 nM DHT or
vehicle (EtOH) for an additional 16 h. Cells were then fractionated into cytoplasmic and nuclear compartments and assessed for CaMKK2 and AR expression by
Western blotting. Lactate dehydrogenase (LDH-A) and histone H3 were used for assessing purity of cytoplasmic and nuclear fractions, respectively. Shown is
a representative blot of two independent experiments. B, representative images of immunofluorescent staining for AR (a, b, red), CaMKK2 (c, d, yellow), DAPI (g,
h, blue), and merged images (e, f, tricolor) and in LNCaP cells treated with 10 nM DHT or EtOH for 16 h. Single plane apotome (x-y plane) and z-sections (bordering
the x-y planes) confirm CaMKK2 presence in the nucleus. Total magnification, �630. Images are representative of two independent experiments.
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Finally, we examined the effect of the CaMKK inhibitor
STO-609 (53) on LNCaP proliferation in the presence and
absence of androgen (supplemental Fig. S7). STO-609 inhibited
proliferation, with an apparent increase in its potency under
steroid depletion conditions. Due to toxic effects of STO-609 at
high doses we were precluded from testing concentrations of
�100 �M and thus could not precisely determine maximal effi-
cacy in both conditions. The potentiation of the inhibitory
action of STO-609 by androgen depletion is also supportive of a
CaMKK2-AR interaction of potential relevance for PCa cell
growth.
The results of this study suggest a hypothetical model sche-

matically illustrated in Fig. 7. In this model, CaMKK2 and the
AR interact in a positive feedback loop by which increases in
activity of the AR during PCa progression result in higher levels
of CaMKK2 that in turn promote AR transcriptional activity
and cell proliferation.

DISCUSSION

During the growth of an androgen-responsive tumor, AR
activity is critical for control of the cycling and proliferation of
malignant cells. Following decreases as a consequence of
androgen deprivation therapy, AR activity is eventually
restored due to mutational alterations in its structure, expres-
sion, and localization (35). Post-translational modifications of
the AR such as phosphorylation can provide additional avenues
by which the activity of the AR is sustained during androgen-
dependent and castration-resistant PCa progression. However,
the multiplicity of signaling pathways and their respective AR
phosphorylation sites (at least 16 of which have been reported
to date) present a complex and poorly understood picture (51).
It is currently thought that there are two ways in which PCa
progression results in increased phosphorylation of the AR.
Androgen binding or mutational alteration of the structure of
the AR leads to solvent exposure of potential phosphorylation
sites and increased kinase accessibility. Alternatively, reduction
in interaction of the AR with phosphatase(s) results in net
increased phosphorylation of the AR (54). Both mechanisms
imply that the constitutive activities of the kinases are sufficient
for AR phosphorylation.

We present here data in support of a third model illustrated
in Fig. 7. Thismodel envisages a relatively simple, positive feed-
back loop in which increased AR signaling, as a consequence of
locally advanced PCa or CRPC, transcriptionally induces
CaMKK2 mRNA and protein, increasing the activity of the
CaMKK2 pathway that in turn feeds back to stimulate AR-de-
pendent transcriptional activity and cell cycle progression.
At present we do not know whether the overall activity or

setpoint of this loop is modulated by other stimuli, such as
Ca2�-elevating signals. Compared with non-neoplastic cells,
LNCaP and other malignant cells require much lower concen-
trations of extracellular Ca2� to proliferate (55, 56). And, as
noted above, CaMKK2 exhibits considerable (�70% of total)
constitutive, Ca2� -independent activity in vitro. It is therefore
possible that induction of CaMKK2 protein by the AR could
yield an increase in active CaMKK2 sufficient for feedback reg-
ulation of the AR, either in the absence of Ca2� elevation, or
perhaps with the additional intracellular Ca2� needed for opti-
mal CaMKK2 activity supplied by androgen-induced increases
in Ca2� influx through LNCaP plasma membrane L-type Ca2�

channels (57).
It is also unclear whether in LNCaP cells, a CaMKK2 driven

cascade impinges upon cell cycle regulators in an AR-indepen-
dent fashion (48–50). Activity of the AR is critical for G1-S
phase progression in PCa cells (45, 46). Therefore our data that
CaMKK2 knockdown reduces AR transactivation driven by
two promoters (PSA and probasin) and phenotypically repli-
cates the reductions in levels of phospho-RB and cyclin D1 pro-
tein but not cyclin D1 mRNA predicted from an action via the
AR, strongly suggest that the CaMKK2-cell cycle regulation
described here is AR-mediated to at least some degree.
Taken together, these observations suggest that an

AR-CaMKK2 regulatory loop is capable of operating as a con-
tained, or relatively contained, two-component system. This
raises an intriguing possibility that any event that occurs during
PCa progression and/or development of CRPC that augments
AR activity, such as gene amplification, mutation, alternate
splicing etc. would be reinforced and strengthened by this
mechanism. In other words, for the CaMkinase cascade to pro-
mote AR-mediated pathogenesis it is not necessary for
CaMKK2 to be oncogenic per se (although it is not precluded),
but simply to be utilized by the AR in concert withmechanisms
triggering (or triggered by) recurrence to maintain AR activity
during tumor progression.
Current conceptual models of signaling pathways active in

PCa donot incorporate theCaMKK2pathway (35, 45, 46, 51). It
will be of interest to explore this pathway both from the stand-
point of delineating the downstream effectors responsible for
transmitting enhanced CaMKK2 activity to the AR, the mech-
anism by which the activity of the AR is modulated, and how
this is translated into altered cell cycle progression. Our data
suggest that this is an acute regulation rather than a change in
AR concentration, as has been observed with some protein
kinases capable of AR phosphorylation (51), although this con-
clusion will require longer term stability studies. It will be of
particular interest to probe the relationship between nuclear
accumulation of the AR and that of CaMKK2 in different mod-
els of PCa progression.

FIGURE 7. Schematic model for a CaMKK2-AR feedback loop in PCa pro-
gression. See text for details.
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From a clinical perspective, CaMKK2 could potentially per-
form a regulatory role in both androgen-sensitive PCa and
CRPC because the AR is a driver of progression in both cases,
however, our data that CaMKK2 is up-regulated in recurrent
CWR22R versus androgen-sensitive, CWR22 tumors suggest
that this signaling pathway may be one of the escape routes by
which the AR maintains activity in the face of decreases in tes-
ticular androgenproduction.Hence, a therapeutic agent target-
ing CaMKK2 may be relatively inactive in monotherapy but
potentially effective in combination with androgen ablation to
suppress a phosphorylation-based mechanism triggered in
relapsed tumors by which the AR maintains optimal control of
malignant cell growth.
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